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Abstract A series of freeze-thawed, polyvinyl alcohol nanocomposite hydrogels were prepared using
various loading levels (0–15 wt%) of hydrophilic natural Na-montmorillonite nanoclay. The morphology
of nanocomposite hydrogels, their dehydration kinetics at different temperatures and the effect of
Na-montmorillonite on the gelation process were investigated. The results showed a partially exfoliated
morphology for the prepared nanocomposite hydrogels. Also by increasing the amount of nanoclay
incorporated into the specimens, the gel fraction values of nanocomposite hydrogels were increased.
According to thedehydration tests, the dehydration rates of nanocomposite hydrogels exhibited an inverse
dependency on the nanoclay loading level and a direct dependency on the dehydration temperature.
Finally, it was concluded that the dehydration mechanism of all specimens prepared is non-Fickian at
20 °C, while it is Fickian at 37 °C and 55 °C.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Hydrogels are three-dimensional polymeric networks that
can absorb large amounts of water or aqueous solutions, while
maintaining their structure. The networks are composed of
homopolymers or copolymers and are insoluble in aqueous
solutions, due to chemical or physical crosslinking of the
individual polymer chains [1,2]. The application of hydrogels in
numerous biomedical and pharmaceutical fields, such as tissue
engineering, drug and gene delivery systems, ocular devices,
wound healing materials and artificial extracellular matrices,
has been reviewed in the literature [2–5].
In recent years, several attempts have been made to rein-
force the structure of hydrogels using nanoparticles or nanos-
tructures to obtain nanocomposite hydrogels with enhanced
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Open access under CC BY-NC-ND license.mechanical, physical and chemical properties [6–8]. Most re-
search on nanocomposite hydrogels has been focused on the
use of clays, such as laponite [9–12], hydrotalcite [13,14], ben-
tonite [15,16] and montmorillonite [17–20], as nanoparticles.
Nanocomposite hydrogels have good potential to be used as
functional softmaterials in biomedical applications, due to their
excellent mechanical properties, high water content and good
biocompatibility [18,21,22]. Our research group previously pre-
pared nanocomposite hydrogels on the basis of polyvinyl alco-
hol (PVA) and organically modified montmorillonite (OMMT),
and investigated their potential as novel wound dressing de-
vices; both in vitro [23] and in vivo [24].
The application of nanocomposite hydrogels might be
restricted in biomedical fields, such as drug delivery systems,
contact lenses and wound dressing systems, because of their
undesired dehydration process [25,26]. It is obvious that a dried
hydrogel is not recognized as a soft material in biomedical
usage, and its application would be restricted under such
conditions. Therefore, having enough information about the
dehydration kinetics of nanocomposite hydrogels in order to
design optimummedical devices would be required.
In this work, PVA-Na-montmorillonite (MMT) nanocompos-
ite hydrogels were prepared via the freezing-thawing cyclic
method. The morphology and gelation process of PVA–MMT
nanocomposite hydrogels and the effect of MMT loading levels
on their dehydration kinetics were investigated.
M. Sirousazar et al. / Scientia Iranica, Transactions F: Nanotechnology 18 (2011) 780–784 7812. Experimental
2.1. Materials
PVA, having an average molecular weight of 74800 and de-
gree of saponification of greater than 98%, was purchased from
Nippon Gohsei. Natural hydrophilic nanoclay (Cloisite Na+)
with the Cation Exchange Capacity (CEC) of 92.6 meq/100 g
was purchased from Southern Clay Products Inc. Double Dis-
tilled Water (DDW) was used in preparation of all aqueous so-
lutions.
2.2. Preparation of PVA–MMT nanocomposite hydrogels
PVA–MMT nanocomposite hydrogels containing 15 wt% of
PVA (based on the total mass of hydrogel) and 0, 3, 6, 9, 12 and
15 wt% of MMT (based on the dried mass) were prepared using
the freezing-thawing cyclic method. To prepare each hydrogel,
an adequate amount of MMT was added to DDW and mixed
to gain a desirable MMT suspension. Then, PVA was gradually
added to the MMT suspension and mixed for 4 h at 90 °C
to achieve complete dissolution. The obtained solutions were
then poured in plastic moulds and placed at −20 °C for 24 h
to induce crystallization and gel formation. After the freezing
process, they were subsequently allowed to thaw for 24 h at
room temperature. The freezing-thawing cycles were repeated
three times for each solution.
2.3. Structural characterization
Themicrostructure andmorphology of PVA–MMTnanocom-
posite hydrogelswere characterized usingX-rayDiffractometry
(XRD) and Transmission Electron Microscopy (TEM) methods.
The XRD experiments were conducted on a Philips diffractome-
ter at a scanning rate of 2 °C/min.
All characterized samples (MMT powder and typical nano-
composite hydrogels) were dried in a vacuum oven for at least
24 h before XRDmeasurements. Themicrostructure of a typical
nanocomposite hydrogel (i.e. 9 wt% MMT) was observed, using
a transmission electron microscope (EM 208 S, Philips) with an
acceleration voltage of 100 kV. Prior to the TEM experiment, the
nanocomposite hydrogel was completely dried under vacuum
and then embedded in an epoxy matrix. Subsequently, it was
cut into 70–100 nm thick sections using a diamond knife and
placed onto a 400 mesh copper grid.
2.4. Gel fraction
The preweighed slice of each hydrogel was dried under
vacuum at room temperature until no change was observed in
itsmass. The nearly identicalweight of another slice of the same
sample was immersed into excess of DDW for 7 days, to extract
uncrosslinked species. Subsequently, the immersed hydrogel
was removed from DDW and dried at room temperature under
vacuum until the dried mass showed constant weight. The gel
fraction test was repeated three times for each hydrogel. The
gel fraction value of hydrogels was calculated as follows:
Gel fraction (%) = mf
mi
× 100, (1)
where, mf and mi are the mass of the dried hydrogel after and
before the extraction, respectively.Figure 1: XRD patterns of MMT and nanocomposite hydrogels.
2.5. Dehydration tests
Dehydration tests were performed at constant temperatures
of 20°, 37° and 55 °Cwithin a GTH-072TR chamber (Giant Force
Instrument). The dehydration kinetics of all hydrogels was
determined gravimetrically by weighing their weight at some
predetermined time intervals. The fraction of water removed
from each hydrogel at time t was calculated as follows:
Mt
M∞
= m(t)−m(0)
m(∞)−m(0) , (2)
where Mt and M∞ are the cumulative amount of water loss of
the hydrogel at any time, t , and the total amount of removable
water from the hydrogel (the initial amount of water inside the
hydrogel), respectively. m(0),m(t) and m(∞) are the mass of
hydrogel at the initial state, time t and the final state (dried
condition), respectively.
3. Results and discussion
3.1. Morphology of nanocomposite hydrogels
XRD and TEM are complementary powerful methods to
determine the morphology of polymer-clay nanocomposites.
Figure 1 illustrates the XRD patterns of MMT nanoclay and
nanocomposite hydrogels containing 3, 9 and 15 wt% of MMT.
The XRD profile of MMT has a characteristic diffraction peak
at 7.26° corresponding to the d001-spacing of 1.22 nm. On
the other hand, there are no characteristic MMT peaks in the
XRD patterns of nanocomposite hydrogels. The XRD results
suggested a partially exfoliated morphology for the prepared
PVA–MMT nanocomposite hydrogels.
To more directly identify the morphology of the nanocom-
posite hydrogels, the TEM image of a nanocomposite hydrogel
containing 9wt% ofMMTwas obtained (Figure 2). The dark lines
represent the MMT layers and the gray-white area represents
the polymer matrix. The image shown in Figure 2 is clearly in
accordancewith the XRD results. It shows that theMMT silicate
layers have been uniformly dispersed in the hydrogel matrix
and proves the partially exfoliated morphology of PVA–MMT
nanocomposite hydrogels.
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Figure 3: Gel fraction of PVA–MMT nanocomposite hydrogels.
3.2. Gel fraction
Figure 3 shows the gel fraction values for the prepared
nanocomposite hydrogels versus the weight percentage of
MMT. The gel fraction of nanocomposite hydrogels increases
by increasing the amount of MMT. As shown, the gel fraction
of nanocomposite hydrogels containing 15 wt% of MMT has
been enhanced by 17.1%, as compared to pure hydrogel.
This reveals the development of some interaction between
the MMT layers and PVA chains, and shows the function of
MMT as a crosslinking agent in the hydrogel network. The
function of MMT, as a physical crosslinker in the network of
PVA–MMT nanocomposite hydrogels, has been also confirmed
by other research groups [23,27,28]. It can be deduced that the
functional hydroxyl groups on the MMT silicate layers could
interact with similar groups on the PVA linear chains during the
gelation (freezing-thawing) process.
3.3. Dehydration kinetics
Dehydration kinetics of PVA–MMT nanocomposite hydro-
gels was determined by plotting Mt/M∞ values versus time
for each sample at different drying temperatures. Figures 4–6
show the time-dependent dehydration curves of the prepared
nanocomposite hydrogels at 20 °C, 37 °C and 55 °C, respec-
tively. Nearly identical patterns are observed for the dehydra-
tion curves of all samples at different constant temperatures.Figure 4: Dehydration kinetics of nanocomposite hydrogels at 20 °C.
Figure 5: Dehydration kinetics of nanocomposite hydrogels at 37 °C.
Dehydration curves of specimens at any dehydration temper-
ature show that the dehydration ability of nanocomposite hy-
drogels decreases by increasing theMMT loading level. In other
words, nanocomposite hydrogels containing higher levels of
MMT exhibit longer dehydration duration. This is related to the
higher gel fraction value and more entangled structure of the
nanocomposite hydrogels containing higher levels of MMT. It
is obvious that in the specimens with higher gel fraction and
crosslinking values, there is less free volume available for trans-
porting water molecules. It means that the mass transfer of
water molecules during the dehydration process would be re-
stricted in the PVA nanocomposite hydrogels compared with
the pure PVA hydrogel. In addition, the silicate layers inside
the nanocomposite hydrogel network could entrap the water
molecules and, also, act as a physical barrier against molecule
transport, due to the creation of more tortuous paths, which
offer controlling steps against mass transfer, as well as the
dehydration process. So, it can be remarked that the nanocom-
posite hydrogel needs more time to reach a specified level of
dehydration and, therefore, shows slower dehydration kinetics
compared to pure hydrogel.
Figures 4–6 also show that the dehydration rates of
hydrogels rise by increasing the drying temperature. This can
be attributed to an increase in the diffusion coefficient of water
in the hydrogel matrix and its faster shrinkage process, due to
the easier relaxation of polymer chains at higher temperatures.
To determine themass transfermechanism in the PVA–MMT
nanocomposite hydrogels, the following power law equation,
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describing the time-dependent dehydration process, was used:
Mt
M∞
= Ktn, (3)
where, K is the dehydration characteristic constant and n
is the characteristic exponent of the mode transport of the
water fromhydrogel. According to classification of the diffusion
mechanism n = 0.5 and 0.5 < n < 1 indicate the Fickian and
non-Fickian (anomalous) diffusion mechanisms, respectively.
The values of n and K were calculated for each hydrogel
from the slope and the intercept of the plot of log(Mt/M∞)
against log(t) for Mt/M∞ < 0.6, respectively. A good linear
relationwas observed between log(Mt/M∞) and log(t) for each
specimen at different temperatures. A typical graph showing
the log(Mt/M∞) curves versus log(t) for hydrogels at 37 °C
has been presented in Figure 7. The values of constants, n and
K , for all hydrogels are shown in Table 1. According to the
calculated values for constant n, the dehydrationmechanism of
all hydrogels is a non-Fickian mechanism at 20 °C. In addition,
the mechanism of transport for hydrogels in other dehydration
temperatures (i.e., 37° and 55 °C) is considered as Fickian.
As Table 1 shows, the values of constant K , which could be
considered as criteria for the dehydration rate of hydrogels,
decreases either by increasing the MMT level or by decreasing
dehydration temperature. The ratios ofK for thenanocomposite
hydrogel containing 3 wt% of MMT per K for the hydrogel
containing 12 wt% of MMT at the constant temperatures of
20 °C and 55 °C are 1.3 and 1.8, respectively, while the ratios
of K at 55 °C per K at 20 °C for the nanocomposite hydrogels
containing constant MMT values of 3 and 12 wt% are about 9.4
and 6.8, respectively. This implies that temperature has a more
significant effect than MMT loading level on the dehydration
process of PVA–MMT nanocomposite hydrogels.
4. Conclusions
The nanocomposite hydrogels exhibited partially exfoliated
morphology with desirable dispersion of silicate layers in the
PVA hydrogel matrix. The gel fraction test indicated that the
addition of MMT hydrophilic layers increased the gel fraction
value of PVA hydrogel. It was deduced that MMT acts as a
crosslinker during the crosslinking process of PVA nanocom-
posite hydrogel. The dehydration investigation showed that
the presence of MMT nanoclay inside the PVA hydrogel de-
creased the rate of water removal from the hydrogel and pro-
longed its dehydration process. A direct dependency betweenTable 1: Dehydration characteristics for nanocomposite hydrogels at
different temperatures.
MMT wt% (Temperature) n K
0 (20 °C) 0.6278 0.0202
3 (20 °C) 0.6375 0.0177
6 (20 °C) 0.6313 0.0172
9 (20 °C) 0.6545 0.0143
12 (20 °C) 0.6508 0.0137
15 (20 °C) 0.6314 0.0140
0 (37 °C) 0.4567 0.0627
3 (37 °C) 0.4733 0.0540
6 (37 °C) 0.5034 0.0438
9 (37 °C) 0.5421 0.034
12 (37 °C) 0.5534 0.0311
15 (37 °C) 0.5818 0.0238
0 (55 °C) 0.2712 0.1955
3 (55 °C) 0.2920 0.1671
6 (55 °C) 0.3203 0.1395
9 (55 °C) 0.3311 0.1275
12 (55 °C) 0.3830 0.0929
15 (55 °C) 0.4262 0.0686
Figure 7: Plots of log(Mt/M∞) against log(t) for nanocomposite hydrogels at
37 °C.
dehydration rate and drying temperature was also observed for
all the prepared nanocomposite hydrogels. It was concluded
that the dehydration process of PVA–MMT nanocomposite hy-
drogels was affected mainly by the dehydration temperature.
Further, at constant temperature, all nanocomposite hydrogels
exhibited nearly similar dehydration mechanisms.
Acknowledgments
The authors would like to thank Tarbiat Modares University
and Iran Nanotechnology Initiative Council (INIC) for financial
support of this work.
References
[1] Lin, C.C. and Metters, A.T. ‘‘Hydrogels in controlled release formulations:
network design and mathematical modelling’’, Adv. Drug Delivery Rev., 58,
pp. 1379–1408 (2006).
[2] Qiu, Y. and Park, K. ‘‘Environment-sensitive hydrogels for drug delivery’’,
Adv. Drug Delivery Rev., 53, pp. 321–339 (2001).
[3] Kopecek, J. and Yang, J. ‘‘Hydrogels as smart biomaterials’’, Polym. Int., 56,
pp. 1078–1098 (2007).
[4] Hoffman, A.S. ‘‘Hydrogels for biomedical applications’’, Adv. Drug Delivery
Rev., 43, pp. 3–12 (2002).
[5] Peppas, N.A., Bures, P., Leobandung, W. and Ichikawa, H. ‘‘Hydrogels in
pharmaceutical formulations’’, Eur. J. Pharm. Biopharm., 50, pp. 27–46
(2000).
[6] Haraguchi, K. and Takehisa, T. ‘‘Nanocomposite hydrogels: a unique
organic-inorganic network structure with extraordinary mechanical, op-
tical, and swelling/de-swelling properties’’, Adv. Mater., 14, pp. 1120–1124
(2002).
784 M. Sirousazar et al. / Scientia Iranica, Transactions F: Nanotechnology 18 (2011) 780–784[7] Schexnailder, P. and Schmidt, G. ‘‘Nanocomposite polymer hydrogels’’,
Colloid Polym. Sci., 287, pp. 1–11 (2009).
[8] Haraguchi, K. ‘‘Nanocomposite hydrogels’’, Curr. Opin. Solid State Mater.
Sci., 11, pp. 47–54 (2007).
[9] Abdurrahmanoglu, S., Can, V. and Okay, O. ‘‘Equilibrium swelling behavior
and elastic properties of polymer-clay nanocomposite hydrogels’’, J. Appl.
Polym. Sci., 109, pp. 3714–3724 (2008).
[10] Liu, Y., Zhu, M., Liu, X., Jiang, Y.M., Ma, Y., Qin, Z.Y., Kuckling, D.
and Adler, H.J.P. ‘‘Mechanical properties and phase transition of high
clay content clay/poly(N-isopropylacrylamide) nanocomposite hydrogel’’,
Macromol. Symp., 254, pp. 353–360 (2007).
[11] Song, L., Zhu, M., Chen, Y. and Haraguchi, K. ‘‘Temperature- and
pH-sensitive nanocomposite gels with semi-interpenetrating organic/
inorganic networks’’,Macromol. Chem. Phys., 209, pp. 1564–1575 (2008).
[12] Nie, J., Du, B. and Oppermann,W. ‘‘Swelling, elasticity, and spatial inhomo-
geneity of poly(N-isopropylacrylamide)/clay nanocomposite hydrogels’’,
Macromolecules, 38, pp. 5729–5736 (2005).
[13] Lee, W.F. and Lee, S.C. ‘‘Effect of hydrotalcite on the swelling and
mechanical behaviors for the hybrid nanocomposite hydrogels based on
gelatin and hydrotalcite’’, J. Appl. Polym. Sci., 100, pp. 500–507 (2006).
[14] Zhang, Y.T., Zhi, T.T., Zhang, L., Huang, H. and Chen, H.L. ‘‘Immobilization of
carbonic anhydrase by embedding and covalent coupling into nanocom-
posite hydrogel containing hydrotalcite’’, Polymer, 50, pp. 5693–5700
(2009).
[15] Lee,W.F. and Chen, Y.C. ‘‘Effect of bentonite on the physical properties and
drug-release behavior of poly(AA-co-PEGMEA)/bentonite nanocomposite
hydrogels formucoadhesive’’, J. Appl. Polym. Sci., 91, pp. 2934–2941 (2004).
[16] Huang, X., Xu, S., Zhong, M., Wang, J., Feng, S. and Shi, R. ‘‘Modification
of Na-bentonite by polycations for fabrication of amphoteric semi-IPN
nanocomposite hydrogels’’, Appl. Clay Sci., 42, pp. 455–459 (2009).
[17] Kasgoz, H. and Durmus, A. ‘‘Dye removal by a novel hydrogel-clay
nanocomposite with enhanced swelling properties’’, Polym. Adv. Technol.,
19, pp. 838–845 (2008).
[18] Lee, W.F. and Fu, Y.T. ‘‘Effect of montmorillonite on the swelling behavior
and drug-release behavior of nanocomposite hydrogels’’, J. Appl. Polym.
Sci., 89, pp. 3652–3660 (2003).
[19] Sur, G.S., Lyu, S.G. and Chang, J.H. ‘‘Synthesis and LCST behavior
of thermosensitive poly (N-isopropylacrylamide)-clay nanocomposites’’,
J. Ind. Eng. Chem., 9, pp. 58–62 (2003).
[20] Al, E., Guclu, G., Iyim, T.B., Emik, S. and Ozgumus, S. ‘‘Synthesis and prop-
erties of starch-graft-acrylic acid/Na-montmorillonite superabsorbent
nanocomposite hydrogels’’, J. Appl. Polym. Sci., 109, pp. 16–22 (2008).
[21] Liu, K.H., Liu, T.Y., Chen, S.Y. and Liu, D.M. ‘‘Drug release behavior of
chitosan-montmorillonite nanocomposite hydrogels following electros-
timulation’’, Acta Biomater., 4, pp. 1038–1045 (2008).
[22] Jin, Q., Schexnailder, P., Gaharwar, A.K. and Schmidt, G. ‘‘Silicate cross-
linked bio-nanocomposite hydrogels from PEO and chitosan’’, Macromol.
Biosci., 9, pp. 1028–1035 (2009).[23] Kokabi, M., Sirousazar, M. and Hassan, Z.M. ‘‘PVA-clay nanocomposite
hydrogels for wound dressing’’, Eur. Polym. J., 43, pp. 773–781 (2007).
[24] Sirousazar, M., Kokabi, M. and Hassan, Z.M. ‘‘In vivo and cytotoxic assays
of a polyvinyl alcohol/clay nanocomposite hydrogel wound dressing’’,
J. Biomater. Sci., Polym. Ed., 22, pp. 1023–1033 (2011).
[25] Sirousazar, M., Kokabi, M. and Yari, M. ‘‘Mass transfer during the pre-
usage dehydration of polyvinyl alcohol hydrogel wound dressings’’, Iran. J.
Pharm. Sci., 4, pp. 51–56 (2008).
[26] Jones, L., May, C., Nazar, L. and Simpson, T. ‘‘In vitro evaluation of
the dehydration characteristics of silicone hydrogel and conventional
hydrogel contact lens materials’’, Cont. Lens Anterior Eye, 25, pp. 147–156
(2002).
[27] Paranhos, C.M., Soares, B.G., Oliveira, R.N. and Pessan, L.A. ‘‘Poly(vinyl
alcohol)/clay-based nanocomposite hydrogels: swelling behavior and
characterization’’,Macromol. Mater. Eng., 292, pp. 620–626 (2007).
[28] Paranhos, C.M., Soares, B.G., Machado, J.C., Windmoller, D. and Pessan, L.A.
‘‘Microstructure and free volume evaluation of poly(vinyl alcohol)
nanocomposite hydrogels’’, Eur. Polym. J., 43, pp. 4882–4890 (2007).
Mohammad Sirousazar is a Ph.D. candidate in the Chemical Engineering
Faculty at Tarbiat Modares University. He obtained his B.S. degree in
Chemical Engineering from Shiraz University in 2000, and his M.S. degree in
Pharmaceutical Engineering from Tarbiat Modares University in 2003.
Mehrdad Kokabi is Professor of Polymer Engineering at Tarbiat Modares
University as a Graduate Training Center. He obtained his B.S. degree from
Amirkabir University of Technology and his M.S. and Ph.D. degrees in Polymer
Engineering from UMIST. His main research interests include Smart Polymeric
Nanocomposites.
Zuhair Muhammad Hassan is Professor of Tumor Immunology at Tarbiat
Modares University. He obtained his B.S. degree in Microbiology from Baghdad
University and his Ph.D. from the Department of Virology at Sheffield
University. Today, he is Head of the Immunology Department at Tarbiat
Modares University in Iran.
Ahmad Reza Bahramian is Assistant Professor in the Polymer Engineering
Department at Tarbiat Modares University. He earned his B.S. degree in
Chemical Engineering in 1999 from Isfahan University of Technology and M.S.
and Ph.D. degrees in Polymer Engineering from Tarbiat Modares University
in 2001 and 2008, respectively. He was also selected as the second rank of
researchers in Tarbiat Modares University, in 2008. He has written 7 journal
papers andmore than 40 conference papers. Hismain research interests include
Thermal Protection Systems, Polymeric Composites and Nanocomposites.
